1. Background
=============

Recently, a data record of the clear-sky ice surface temperature (IST) of the Greenland ice sheet (GIS) was developed using Moderate Resolution Imaging Spectroradiometer (MODIS) data from the Terra and Aqua satellites \[*Hall et al*., [@b9]\]. The record extends from March 2000 through the present, providing daily and monthly average IST, and melt maps at 6.25 × 6.25 km resolution. Based on this MODIS IST record, years experiencing major melt (defined as melt covering 80% or more of the ice sheet surface) have occurred twice since 2000 \[*Hall et al*., [@b10]\]. The extreme melt year of 2012 had two separate intense melt events. The most unusual melt event occurred on 11--12 July 2012 and was unprecedented during this and the previous century, covering ∼99% of the ice sheet surface including areas \>3000 m at Summit Station (Figure [1](#fig01){ref-type="fig"}a) according to data from multiple satellite sensors \[*Nghiem et al*., [@b16]\]. Melt this extensive had not occurred since 1889 (+/−1 year) according to ice core records \[*Nghiem et al*., [@b16]; *Clausen et al*., [@b5]; *Alley and Anandakrishnan*, [@b2]\]. Another large melt event occurred on 29 July 2012, where ∼79% of the surface experienced some melt according to data from multiple satellite sensors \[*Nghiem et al*., [@b16]\]. In 2002 an intense melt event occurred on 29 June to 2 July. The cumulative melt during the 2002 melt season covered \> 87% of the ice sheet surface according to MODIS IST clear-sky data \[*Hall et al*., [@b10]\].

![Extent of melt on the Greenland ice sheet for (a) 1 January to 31 December 2012 (days 1--366) and (b) 1 January to 30 August 2013 (days 1--243) as determined from MODIS-derived melt maps. A maximum of ∼95% of the ice sheet surface (shaded red) experienced some melt in 2012 and only ∼49% of the ice sheet surface experienced some melt in 2013. White represents no melting (according to MODIS), and green represent non-ice covered land areas. The location of Summit, mentioned in the text, is shown. Elevation contours are shown at 1500, 2000, 2500, and 3000 m.](grl0041-1600-f1){#fig01}

The negative phase of the North Atlantic Oscillation (NAO), with a high-pressure anomaly over the GIS, has previously been implicated \[*Mote*, [@b14]\] in enhancing melting of the surface of the GIS. Also, the 2012 melt event was associated with a high-pressure ridge over the GIS \[*Nghiem et al*., [@b16]; *Tedesco et al*., [@b18]; *Hanna et al*., [@b11]\]. A high-pressure ridge brings relatively warm southerly winds over the western flank of the ice sheet causing widespread surface melting \[*Nghiem et al*., [@b16]\]. A high-pressure ridge also represents atmospheric blocking, which is a long-lived (5 days or longer) atmospheric circulation system with strong meridional flows embedded within the latitude belt of westerlies \[*Tibaldi and Molteni*, [@b19]; *Tibaldi et al*., [@b20]\] (definition also shown in the supporting information). Blocking in the North Atlantic sector is usually associated with the negative phase of the NAO, and known as a Greenland Blocking Episode (GBE) \[*Fang*, [@b6]; *Woollings et al*., [@b22]\]. GBEs have a continuum of behavior, from being relatively frequent but weak events, to longer and stronger events that better conform to the conventional interpretation (and definition) of midlatitude blocking. Here we are also interested in shorter than 5 day blocking activity, because we anticipate that even a 2 day burst of warm subtropical air over the GIS could lead to melting. These short events are called local and instantaneous blocking (LIB), if on any day a longitude is blocked based on the reversal of the gradient in the 500 hPa geopotential height field \[*Tibaldi and Molteni*, [@b19]; *Tyrlis and Hoskins*, [@b21]\]. Some of the LIBs belong to GBEs if they are spatially stationary for 5 days or more.

We focus here on daily variability of melt and atmospheric conditions instead of seasonal variability. Both LIBs and GBEs are accompanied by warm air temperatures and we will show that are both capable of initiating ice sheet melt. We will also show that daily air temperature at about 5 km height, about 2 km above the ice sheet, varies in-phase with MODIS IST in June and July, the months most likely to have intense melt events. Finally, we will discuss the relationship between GIS melt and blocking and associated temperature variability.

2. Data and Methods
===================

We use the MODIS clear-sky IST data record (2000--2013) to calculate GIS melt. For the retrieval of MODIS clear-sky IST, a split-window technique is used, where "split-window" refers to the brightness-temperature difference in the 11--12 m atmospheric window. This technique allows for the correction of atmospheric effects primarily due to water vapor. The technique was first used to determine IST in the Arctic with advanced very high resolution radiometer (AVHRR) data on NOAA polar-orbiting satellites \[*Key and Haefliger*, [@b13]\] and later adapted for use with MODIS.

Using MODIS IST we quantify number of melt days and areal extent of melt for each year of the study (Figure [1](#fig01){ref-type="fig"}). Melt that may occur beneath cloud cover will not be detected using this method. Cloud cover is determined from the standard MODIS cloud mask of *Ackerman et al*. \[[@b1]\]. To partly compensate for the effects of cloud cover, for this work we employ a cloud-gap filling algorithm (see supporting information) to minimize the impact of cloud cover. As in previous work \[*Hall et al*., [@b9], [@b10]\], we also classify an IST grid cell as "melt" if the surface temperature is ≥ −1°C. This temperature has been found to be representative of melting conditions over the GIS, in consideration of MODIS IST measurement uncertainty of +/−1°C at the high (near 0°C) values of IST over ice \[*Hall et al*., [@b8]\]. We use daily melt to infer associated atmospheric conditions on a daily basis.

We utilize the National Centers for Environmental Prediction/National Center for Atmospheric Research (NCEP/NCAR) reanalysis data \[*Kalnay et al*., [@b12]\] to analyze daily average 500 hPa geopotential height (Z500) and temperature (T500), and daily average air temperature at 2 m (T2m), all of which are derived from 6-hourly data. The reanalysis data resolution is 2.5° × 2.5°. To compute area-average temperatures, T500 and T2m were interpolated to the MODIS IST grid of 6.25 km and constrained by the MODIS ice sheet mask. Blocking is computed by searching reversals of the gradient in the daily (average) 500 hPa geopotential height at each grid longitude and latitude in a region 20°W--60°W, 50°N--85°N instead of over fixed latitudes \[*Tibaldi and Molteni*, [@b19]\] (supporting information). We record both LIBs and GBEs. Additionally, the NAO indices are retrieved from the NOAA/Climate Prediction Center.

3. Results
==========

The maximum area that experienced at least 1 day of melt during the melt period in 2012 and 2013 is shown in Figures [1](#fig01){ref-type="fig"}a and [1](#fig01){ref-type="fig"}b, as determined from the MODIS IST product. The contrast in the extent of melt between 2012 and 2013 is striking, with MODIS-derived melt covering ∼95% of the ice sheet surface in 2012 and ∼49% in 2013. (By combining MODIS with microwave sensors that can detect melt through cloud cover, the 2012 melt extent actually covered 99% of the ice sheet surface \[*Nghiem et al*., [@b16]\] as discussed previously.) Using available atmospheric NCEP/NCAR reanalysis fields, we can illuminate the differences in the synoptic regime between these two consecutive years and illustrate the relationship between atmospheric patterns and melt over the entire 2000--2013 melt season MODIS IST record on the daily time scale.

The MODIS-derived daily melt area is shown in Figure [2](#fig02){ref-type="fig"} for June and July. MODIS melt data are not plotted if the gap-filled cloudiness is \>11% of the ice sheet area. (This cutoff of 11% was determined by visual scanning of the cloudiness data and thus appeared to be a logical cutoff value. Though it is a subjective choice, the results do not change significantly if we select a cutoff number between 10 and 15%.) Daily percent melt fractions do not reach as high as quoted above for the cumulative area of melt because the melt location varies day-to-day. The 14 year June-July mean daily melt percentage is 13% and the standard deviation (SD) is 8% (based on 834 daily values excluding MODIS data gaps). The maximum 1 day percent melt of 71% (clear-sky) occurred on 13 July 2012. The only other days with melt percentage over 40% occurred on 29 June 2002 (46%), and 11--12 July (49% and 62%), and 14--16 July (63%, 54%, and 41%) 2012. Low melt years in the MODIS record are the following: 2000 (potentially 2001; based on atmospheric temperatures, shown later), 2003, 2008, 2010, and 2013. In each of the low melt years, the average June-July melt fraction was less than or equal to the 14 year June-July mean. The low melt years 2000 (2001), 2003, 2008, and 2010 occurred during a negative or neutral NAO phase (Table [1](#tbl1){ref-type="table"} and the NAO index in Figure [S1](#SD1){ref-type="supplementary-material"} in the supporting information), which should have favored increased melt. The low melt in 2013, however, was associated with a positive NAO index as expected. Another example of NAO with a "wrong sign" is the extensive melt year 2002, which was dominated by a positive phase of the NAO (Table [1](#tbl1){ref-type="table"}). Thus, the GIS melt-NAO relationship is not consistent during the MODIS years, and when using daily NAO index data, the NAO index explains only 15% of the GIS melt variance.

![Total melt area percentage over the area of the Greenland ice sheet (*y* axis, %) for June and July for each year, 2000--2013, derived from daily MODIS IST data.](grl0041-1600-f2){#fig02}

###### 

NAO Index Versus the Total GIS Melt Percentage From MODIS[a](#tf1-1){ref-type="table-fn"}

  Year                   Melt (%)   June NAO Index    July NAO Index
  ---------------------- ---------- ----------------- -----------------
  *2000*                 *54*       *neutral*         *negative*
  *2001*                 *51*       *weak negative*   *weak negative*
  2002                   87         positive          positive
  *2003*                 *54*       *∼neutral*        *∼neutral*
  2004                   71         negative          positive
  2005                   62         neutral           negative
  2006                   62         positive          positive
  2007                   58         negative          negative
  *2008*                 *53*       *negative*        *negative*
  2009                   63         negative          strong negative
  *2010*                 *57*       *negative*        *negative*
  2011                   64         negative          negative
  2012                   95         strong negative   negative
  *2013* (days 1--243)   *49*       *positive*        *positive*

MODIS data updated from *Hall et al*. \[[@b10]\]; NAO index from NOAA/Climate Prediction Center. Minimal melt years are in italics.

To identify the atmospheric pattern associated with the intense melt events in the MODIS record on a daily time scale, we analyzed daily June-July Z500 and T500 fields for 2000--2013. We composited these fields based on the daily anomaly in the MODIS melting fraction as an index time series. The daily MODIS melt anomalies were derived, and the MODIS melt index was formed, by normalizing the anomaly time series by its SD:

We selected Z500 and T500 fields from the days when the melt index exceeded 1 SD (in absolute terms). This approach groups the selected Z500 and T500 fields to positive melt index anomaly days (120 fields) and negative melt index anomaly days (113 fields). The composited fields show that the large melt events are associated with a meander in the Z500 field resembling an Omega-block (Ω pattern, see Figures [3](#fig03){ref-type="fig"}a and [3](#fig03){ref-type="fig"}b) over Greenland, with lows flanking the high-pressure domain. Minimal melt anomalies are associated with a more-or-less zonal flow over the ice sheet (Figures [3](#fig03){ref-type="fig"}c and [3](#fig03){ref-type="fig"}d). The warmest intrusion of the subtropical air masses envelopes both western and eastern flanks of the GIS south of about 75°N. However, the influence of blocking on temperatures extends far outside this core region as a subtropical regime has moved northward pushing cold air masses far into the Arctic.

![The 2000--2013 composite of 500 hPa (a, c, and e) geopotential heights (meters) and (b, d, and f) temperatures (°C) when the MODIS melt (shown in Figure [2](#fig02){ref-type="fig"}) anomaly is stronger than +1 standard deviation (Figures [3](#fig03){ref-type="fig"}a and [3](#fig03){ref-type="fig"}b), and less than −1 standard deviation (Figures [3](#fig03){ref-type="fig"}c and [3](#fig03){ref-type="fig"}d). The difference is shown in Figures [3](#fig03){ref-type="fig"}e and [3](#fig03){ref-type="fig"}f for Figures [3](#fig03){ref-type="fig"}a-- [3](#fig03){ref-type="fig"}c and Figures [3](#fig03){ref-type="fig"}b-- [3](#fig03){ref-type="fig"}d, respectively. In Figures [3](#fig03){ref-type="fig"}a and [3](#fig03){ref-type="fig"}c, Z500 = 5600 m is drawn as a white contour; also, in Figure [3](#fig03){ref-type="fig"}a, maximum Z500 = 5647 m is marked. The cross-hatched values denote differences that are significant at the 99% level.](grl0041-1600-f3){#fig03}

While it is obvious that the composited patterns corresponding to high and low melt events are significantly different, we show also the difference fields of Z500 and T500 with cross hatching for areas significant at the 99% level (Figures [3](#fig03){ref-type="fig"}e and [3](#fig03){ref-type="fig"}f). The Z500 difference field has a strong positive anomaly over Greenland but lacks a strong negative height field anomaly at the midlatitudes across the North Atlantic, typical of the negative NAO \[*Barnston and Livezey*, [@b3]\]. This is consistent with a weak relationship between MODIS melt area variations and the NAO index. Comparing the blocked flow with the zonal flow (Figures [3](#fig03){ref-type="fig"}c and [3](#fig03){ref-type="fig"}d), the upper air temperature anomaly over Greenland reaches almost 10°C during these subtropical air mass intrusions.

Another approach to show the impact of the subtropical intrusions is to analyze the daily area-average MODIS IST, T2m, and T500 variability. We created an anomaly time series for each of these quantities and then normalized them by their SD (anomaly and SD with respect to 2000--2013 June-July average, SD based on all days in each time series) giving SDs of 2.5°C, 2.1°C, and 2.9°C for IST, T2m, and T500, respectively. The normalized area-average MODIS IST, T2m, and T500 are displayed in Figure [4](#fig04){ref-type="fig"} for June-July of each year. Also, the normalized MODIS melt area anomaly is shown. The daily temperature variations from the ice sheet surface to the upper atmosphere, about 2 km higher than Summit Station, vary in-phase and in most years with similar normalized amplitude. Previously, *Box and Cohen* \[[@b4]\] showed this relationship between surface and tropospheric temperatures on seasonal and annual time scales from the coastal radiosonde measurements. (In their data, the relationship was not as strong in the stations on the eastern side of Greenland.) The tight coupling between the surface and upper atmosphere shows that during the period of high insolation, the only preconditioning necessary for melt is an intrusion of subtropical air. Here we note that this relationship is the strongest for June-July; adding August to the time series does not affect the timing of the variations but changes slightly the relationship between surface and upper air temperatures by increasing the differences in amplitudes (not shown).

![Area-average MODIS IST (black), T2m (pale blue), and T500 (pink) temperature anomalies and MODIS melt anomaly (in orange) (referenced to 14 year June-July averages), which are then normalized by their individual standard deviation (*y* axis measures SDs). During 2012 summer normalized melt anomaly reached 7 standard deviations (beyond the *y* axis upper limit). Blocking days (green bars) and all days when the 500 hPa geopotential height gradient is reversed (blocking + wave breaking events, blue bars) are shown for June--July, 2000--2013. The blocking and wave breaking events do not always start and end at the same day, because not all gradient reversals occurred at the same locations on the ice sheet (and lasting 5 days).](grl0041-1600-f4){#fig04}

In Figure [4](#fig04){ref-type="fig"} we have also identified days of LIBs (there is at least one longitude that is blocked at least 1 day), of which some belong to GBEs, if the condition of Z500 gradient reversal existed at least in one grid point for 5 days or more. Considering first the temperature anomalies above 1.5 SDs, these warm events occur when they overlap with LIBs and/or GBEs with the spatial pattern depicted in Figures [3](#fig03){ref-type="fig"}a and [3](#fig03){ref-type="fig"}b. There are two exceptions: on 16--18 July 2004 and 13--15 June 2011, with GIS melt reaching 28--31% (∼2 SDs above 14 year June-July mean of 13%; SD = 8%). In both cases the Z500 gradient reversal occurred but the westerlies north of the blocking high were too weak to classify them as LIBs by our definition; however, the circulation associated with their Z500 pattern favored bringing subtropical air masses over Greenland (Figure [S2](#SD2){ref-type="supplementary-material"}).

In the case of weaker warming events with 1--1.5 SDs, the warming-blocking relationship also holds with three exceptions---23 July 2003, 7--8 July 2011, and 13--15 July 2011. During these three events, the GIS melt percentage either did not reach above 1 SD (15% in 2003) or did so marginally (22% in 2011). These three marginal warming/melting events are not classifiable by our blocking definition because they had complex patterns, involving a cutoff low with or without a ridge over the GIS (Figure [S3](#SD3){ref-type="supplementary-material"}).

Only a few LIBs/GBEs occurring in the first half of June will result in a large melt event. If melt occurs, the temperature anomaly, whether surface or upper air, has to be about 1.5 SDs above the summer average (e.g., in 2002, 2005, and 2012). Furthermore, we can estimate that area-average temperature anomalies of almost 2 SDs above the summer average are needed to reach a melt fraction over 40% as happened in 2002 and 2012 (Figures [2](#fig02){ref-type="fig"} and [4](#fig04){ref-type="fig"}). Once temperature anomalies reach 2 SDs (∼5--6°C), the melt amplifies almost exponentially (Figure [S4](#SD4){ref-type="supplementary-material"}). Even if the blocking activity does not lead to a melt event, the temperatures nevertheless show a warming tendency during those days.

Figure [4](#fig04){ref-type="fig"} shows that June-July 2007 had the most blocking days but did not have the largest melt, although 2007 has been identified as a large melt year in a seasonal sense \[*Mote*, [@b15]; *Tedesco*, [@b17]\]. The melt was largely confined to the southern part of the ice sheet, but Figure [4](#fig04){ref-type="fig"} also shows that the 2007 area-average temperature anomalies barely reached 1.5 SDs (only once in the end of June). If compared especially to 2012 with a long-lasting anomaly of 2--2.5 SDs at the peak melt 10--15 July, the potential of 2007 to be an extreme melt year evaporated due to the weak temperature anomalies in the subtropical air masses. We conclude that the total number of days with blocking over Greenland does not necessarily correlate with the most melt area, but the associated temperature anomalies are equally, if not more, important.

4. Summary
==========

Previously studies have shown that blocking can be associated with increased Greenland ice sheet melt on seasonal time scales \[e.g., *Fettweis et al*., [@b7]\], and here we show, using MODIS and atmospheric reanalysis (NCEP/NCAR) data, that the relationship holds also on a daily time scale. Our analysis of all 14 melt seasons (2000--2013) shows that blocking that occurs in a range of time scales, from short-term blocking activity (\<5 days) (LIBs) to full-fledged GBEs (blocking for 5 days or longer), can bring warm subtropical air masses over the GIS to instigate melt. Despite the overall close relationship between GBEs/LIBs and ice sheet melt, not all blocking activity leads to melt as exemplified in the summer 2007 which had the most June-July blocking days during the period 2000--2013. In addition, the surface and upper air temperature anomalies, computed here from area-average temperatures, play an important role during the largest melt years such that temperature anomalies have to reach almost 2 standard deviations to result in a melt area above 40% as happened in 2002 and 2012. In the case of summer 2007, the temperature anomalies barely reached 1.5 standard deviations; hence, the summer 2007 melt did not achieve extreme melt status.
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